Accurate estimation of actual evapotranspiration (ET a ) is essential for effective local or regional water management. At a local scale, ET estimates can be made accurately considering a soil-plant-atmospheric system, if adequate meteorological-ground data or ET measurements are available. However, at a regional scale, ET a values cannot be measured directly and the estimates are frequently subject to errors. Although it is possible to extrapolate to the regional scale from local (point) data of meteorological stations, the relative sparse coverage of ground estimate can make this problematic without some spatial analysis to demonstrate the similarity of the climate in the area. The introduction of remote sensing data and techniques offers alternatives both to estimate variables (i.e. radiation) and parameters (i.e. ET) with few spatial restrictions, thus, it provides potential advantages to the regional ET a computation. In particular, the use of remote sensing procedures like the Surface 
Introduction
Today, there are increasing demands on a finite water resource from competing economic sectors. Agriculture is the major user of water especially in arid and semi-arid lands where there is a need to increase food production. However, through the last decade, it has been observed that the increase in agricultural production depends more on the efficient use of water rather than an increase in the total amount of water available (Batchelor, 1999; Perry, 2003) . Thus, knowing the efficiency with which water is presently used is key to understand the real water availability and to help establish appropriate strategies and to reduce possible constraints in water resources (Bouwer, 2002; Hillel, 2000; Perry, 1999) . In order to achieve this, it is fundamental to have an appropriate knowledge of the spatial diversity (i.e. cropping patterns) and temporal variability (i.e. short-term changes in agro-climatic conditions) of the water, as well as the efficiency of irrigation systems, water storage, and irrigation capacities (Batchelor, 1999; Bouchart and Goulter, 1998; Sarwar et al. 2001) . One way to identify the temporal and spatial patterns of water use, how productively water has been used, and where water is being wasted is producing an area wide-mapping of evapotranspiration (ET) (Perry, 2003) . As the physics of the ET process is well understood, accurate ET values at local level are available. However, as ET is highly sensitive to various land and atmospheric variables, particularly in their spatially distributed form, it makes regional ET estimations uncertain (Calder, 1998) .
The traditional estimation of ET relies on the meteorological and ground data available from nearby weather stations, restricting it's application to small areas. Even at local scale, ET information may not always be available, because very few weather stations measure it or do not satisfy the requirements for computing a reference ET (FAO-24 or FAO-56 later). In this context, remote sensing techniques have been shown to be a reliable alternative to estimate ET, since some of the main constraints on suitable and available data can be overcome by providing a precise spatial representation. One important advantage is that it provides detailed and independent ET estimations on a pixel-by-pixel basis.
Although reliable actual ET (ET a ) values have been obtained by combining remote sensing techniques with ground-meteorological data (Schultz and Engman, 2001 ), the application of these techniques is still questioned despite their advantages. Two principal reasons are responsible for the resistance of stakeholders to apply them: a) lack of knowledge about the information provided and its application, and b) concern about some of the empirical assumptions involved in the remote sensing procedures (Doraiswamy et al., 2008) . These make the validation of the remote sensing algorithms fundamental since results are not transferable from basin-to-basin without considering the spatial and temporal climatic variability, principally in dry regions (Schmugge et al. 2002) . Once the validation has been performed the application of the ET a values can be done throughout the whole basin mainly if the weather conditions are stable. This paper is one outcome of the project to test the reliability and applicability of one proper version of the SEBAL procedure (Surface Energy Balance Algorithm for Land) developed by Bastiaanssen et al. (1998a; 1998b) called MEBES (Surface Energy Balance, in Spanish) in the Flumen District at the NE of Spain, in order to establish it as a suitable tool to compute ET a in a current procedure (Ramos, 2005) . MEBES is based on the SEBAL version applied in Bastiaanssen and Bandara (2001) , and Farah et al. (2004) where ET a is estimated by solving the energy balance parameters (soil flux, sensible flux, radiation and latent flux as the residual term). This SEBAL version was chosen since it presented major advantages to compute ET a values among other SEB techniques using both remote sensing and meteorological-ground data for local and regional areas (Ramos, 2005) . MEBES is a custommade version for application in regions where weather data availability is constrained due to incomplete data sets even during the satellite acquisition time. Thus, MEBES was applied to four years of data and validated with lysimeter ET measurements at the local level. Also, local The reason to use the Blaney-Criddle (BC) method in the Flumen District modified by Doorenbos and Pruitt (1977) was based on obtaining a monthly potential ET value by arid regions using a simple equation that does not require several measured meteorological variables, since weather stations available recorded few variables. Thus the method included monthly variables such as mean daytime wind speed, ratio of actual to maximum sunshine hours, temperature, latitude and mean daily percentage of total annual daytime hours registered by basic weather stations and tables (Doorenbos and Pruit, 1977) . Also, the Hargreaves (Harg) method was chosen for its simplicity and because it was originally developed as a useful method for irrigation planning and design providing a monthly potential ET value base on the air temperature range (Hargreaves et al., 2003) . This temperature range in the Hargreaves method (modified in 1985) implicitly considers the cloudiness thus there was a direct correlation with the relative humidity and vapour pressure deficit and indirect correlation with the wind speed. The 1985-Hargreaves method was accepted as an universally applicable equation (Droogers and Allen, 2002) when historical data is missing or when there is no weather station close to the area of interest. The preferred time step is monthly, but also a five-day period was recommended since daily estimates can be influenced by climate conditions, particularly by wind speed variations and cloud cover (Hargreaves et al., 2003) . The FAO-56 Penman-Monteith (PM) method provides a reference evapotranspiration (ET o ) from weather station data located in a non-stressed reference crop (grass or alfalfa), with a height of 0.12 m, a surface resistance of 70 s·m -1 and albedo of 0.23 (Allen et a., 1998) . This ET o differs from the potential ET values since the latter was defined as the rate of evapotranspiration for an extensive surface of grass (8-15 cm tall) actively growing, completely shaded and not short of water (Doorenbos and Pruitt, 1977) . The final ET values in the Flumen District are expressed as crop ET for the main crops sown, thus the crop ET is obtained multiplying the potential or reference ET by a crop factor Kc usually base on the FAO-56 list for different crops.
Description of the study area
The Flumen District is situated in the Ebro Depression, which corresponds to a zone of flat topography within the Central Ebro Basin (CEB) in NE Spain ( Fig. 1 huertas, older than six centuries) along the riverbanks. Except for the irrigated areas, the rest of the land is dry with some rainfed agriculture where wheat and barley are the main crops.
The Flumen District is bounded by the Flumen and Cinca canals to the north, Flumen River and its acequias (small diversion dams) to the south, and part of the Alcanadre River and its acequias to the east. One important characteristic of almost all rivers in the RAA system is that they have an irregular flow and are subject to salinity problems (CHE, 2002 (CHE, 2002) . The bochorno wind is dry and hot and occurs commonly in summer, specifically in July and August, when it has a strong effect on the climate and, in consequence, on the ET.
The bochorno can also occur in spring and winter but there is less effect on the ET as the wind is warm and humid. The bochorno is associated with anticyclones or with wind regimes from the South, particularly from the Sahara, so higher levels of dust in the upper atmosphere could be present too.
Typical irrigated lands in the CEB produce vegetable, fodder and cereal crops, and fruit trees. The average plots in the Flumen District are rectangular and less than one hectare.
Surface irrigation supplies up to 80% of the irrigated land, and the remaining 20% are sprinkler (18%) and drip (2%) irrigation systems. (Oficina del Regante, 2003) . As water is regarded as a public good, it is provided under a concession system granted for a period of time regulated by the Hydrographical Ebro River Confederation (CHE). In some cases water delivered increases up to 40% of the farmer's water demanded in order to avoid losses in the network system or by attending their water rights. As there is a necessity to modernise irrigation districts to improve water efficiency, some research has been done in order to 
Data and methods
The project evaluated a four-year study period (1997 -2000) , the available data and the methods followed are described next.
Lysimeter ET data
To compare the ET a values, it was necessary to use reliable ET values that can be computed or estimated by different methods. In this case, lysimeters ET measurements were available within the Experimental Farm of the Aula Dei (EEDA-CSIC) in Zaragoza, Spain.
Two weighing lysimeters were installed in 1997 in contiguous plots ( 
Meteorological data
The meteorological data was collected for the four-year study period (1997 to 2000) from three main sources ( showed that the ET analysis between PM and Harg was very good for the Sariñena and CR10-EEAD stations, although not for Monflorite (Fig.4) . The main differences observed in the ET DMC analysis were due to the differences in the ET computation bases since BC and Harg are empirical equations but also the weather and climatic variability, and the surface cover adjacent to the BWS. The weather and climatic variability is fundamental since spatial variations are expected and lead to higher or lower ET values. For the surface cover adjacent, it is important to consider that the reference crop will have grass or alfafa in the area where the weather station is located. However, quite frequently the BWS stations are located in bare soil. During summer (Jul-Aug-Sep) water shortage is prevailing in the area, however the pressure difference on the surface, is the dominant force since the average wind speed is less than 2.0 m·s -1 , this made the rate of evaporation lower compared with vegetated areas.
Also, results demonstrated that the use of only one weather station to represent all the area could cause a significant discrepancy between the single value and the spatial average. For the Flumen District, the ET DMC shows that the area is more influenced by the climate present at the Monflorite EMA than at the Sariñena EMA, which has been the station data most used in several researches. Finally, based on the two DMC analyses and knowing the spatial variability of wind speed and haze led to the CEB being finally divided into three specific zones. The Thiessen polygon method was applied according to the area of influence of the Sariñena and Monflorite EMAs and the CR10-EEAD station. The radius of influence was observed as 25 km, since this was the only area where one can choose the reference pixels to run SEBAL (Tasumi, 2003 ).
Remote sensing data
The satellite images used were from the Landsat platform, Thematic Mapper (TM) and
Enhanced Thematic Mapper Plus (ETM+) sensors, covering a study period of four years (1997 to 2000). Fifteen images were acquired to cover a maximum crop-growth stage, they are listed in Table 2 . Winter images were not included, because winter crops were in their initial stage (mostly bare soil) or they were not yet sown.
During the image pre-processing techniques two problems were observed: stripe affecting band 6 and the presence of thin clouds or haze. The stripe was solved through the ERDAS destripe function. However, the haze was difficult to remove in two images (Feb-99 and Jul-99) even with aerosol-optical models.
Remote sensing land cover classification maps were available for each of the four-years of the study period as result of the application of the IRRIVOL system (Herrero and Casterad, 1998; ).
Methodology
The methodology proposed to evaluate the reliability and applicability of MEBES in the Flumen District was as follows: considering G≈0 for a daily basis. EF tends to be higher in the morning or evening and it is more variable on cloudy days, EF tends to be most stable at maximum ET, which takes place around midday on clear days (Stewart et al. 1998 ). This agrees with Lakshmi and Susskind , who considered that satellite data need to be closed (± 3 hours) to the hour with the peak of diurnal temperature. In our case, the time for the images used was between 10:30 and 11:00 am. Although, it guarantees that satellite data represents the cumulative heating, and hence, it is sensitive to the partitioning of available energy into sensible and latent turbulent heat flux during the day. If the aerodynamic equilibrium is not maintained between the evaporating surface and the boundary layer above, the stability of the EF during the day, and day to day, is affected. In the study area, one factor that can modify the EF stability, is the bochorno wind, that generates a local advection where is horizontally introduced energy. Thus, the air is compressed, the vertical temperature decreases and the air temperature increases, and together with a stationary hot air without horizontal movement produced a major adiabatic heat. As a result plants close their stomas. The cierzo wind has less impact since it is more common in winter where weather conditions are not too extreme as in summer with the bochorno. The cierzo is a prevailing wind in winter but as the bochorno these winds are not present every day, thus these days are easily identified from looking at the Ta, RH, wind speed and wind direction records in the weather stations.
Results and discussion

Comparison process at local scale
The comparison at local scale of the ET a was carried out at the EEAD site based on the 
At the grass reference lysimeter plot
An important consideration is that the footprint of the lysimeter plots does not overlap precisely with a single thermal pixel from the satellite data. The original thermal pixel size is 120m for Landsat5 and 60 m for Landsat7, whereas the grass plot has an area of 1.25 ha (100×125 m) and the crop plot 1.0 ha (100×100 m), thus some thermal contamination from the surroundings is expected. In the case of the grass plot, this variation was reduced because the immediate plots around it were covered with a well-watered crop (alfalfa), thus the T o difference was minimum. However, in the case of the crop field, where vegetation inside and outside of the plot is not always similar in height and amount, the soil surface wetness and T o will introduce an important variation as a result of the thermal contamination. As the size of the plot is small compared with the thermal pixel, the ET aplot can be used as the value to be used for the local analysis, ET a . In this way, the bias obtained between ET grass vs ET a was 0.29 mm⋅d -1 with a standard deviation of the difference (that is the measure of the agreement between two estimation methods), s diff , of ±0.87 mm⋅d -1 (Fig. 5a ). To achieve a and haze in April (from the image) (Fig. 6 ). Removing them for the analysis provides a better relationship between the estimated ET grass and ET a with a bias 0.07 mm⋅d -1 and s diff of ±0.35 mm⋅d -1 being the outlier point Mar-00.
The bochorno effect as was mentioned above introduces a local advection that coupled with the lysimeters size and the surrounding dry advective areas cannot be observed by the ET a values since it works for regional advection. In the case of haze, it was present in the image although rain was observed the day before the image acquisition. Haze is variable in wavelength, space and time, and attenuate the signal reaching the sensors. Theoretically, the rain washes the haze, but if the rain is light, then the haze can be present again. Also, an increment in humidity has been related to haze, as well as wind speed which in arid areas could resuspend particles and temperature is depleted around 5 to 10 o C.
The comparison between ET PM vs ET a gave a bias of 0.36 mm⋅d -1 with an agreement of ±0.85mm⋅d -1 (Fig. 5b) ) . The reasons are that in 1997, the lysimeter was installed, whereas in 2000 the cover was bare soil and the lysimetric measurements were stopped after harvesting. Fig. 7 shows the distribution of the differences between ET maize or wheat and ET a against their average. The general agreement between the two methods was fair with s diff of ±1.50 mm⋅d -1 , if one considers an acceptable ET a error of 0.5 mm⋅d -1 (10%) (Bastiaanssen, 2000) . In order to explain the s diff figure, in the case of maize sowing in 1997 and 1998, it was observed for 1997 that only for Jul-97 (DOY188) was it possible to make a comparison since for Apr-97 (DOY92) the lysimeter was not yet installed and for Aug-97 (DOY127) it had failed but was fixed for the next crop season (Fig. 8 ). In the case of the CR10-EEAD weather station there was no data recorded the same day as the lysimeter, thus ET c was available also only for July. In 1998, the differences observed in DOY127, eight days before sowing, could correspond to the impact of irrigation as a common land preparation practice is to wash salts, this increases the effect of the thermal pixel contamination. In Aug-98 (DOY233) the image was associated to the bochorno wind effect and its local advection.
ET deviations in 1999 for wheat showed ET a values higher than ET wheat and ET c for the crop cycle. On the contrary, wheat in 2000 presented ET a values with a good correspondence with ET wheat and ET c values. As 1999 was a drought year this will affect the plant growth and more water was required to avoid plant wilting thus a higher ET was expected. Additionally, the high ET a values observed in April 24 th 1999 (DOY114), where the rate of evapotranspiration is not high, were related to wet conditions (rain or irrigation). The effect for rain or irrigation was not very significant in the grass reference plot where wet conditions did not differ considerably from normal days since grass is a very well watered crop.
However, on the crop plot the impact of wet soil within the canopy, the intercepted water and the thermal contamination from the grass reference plot nearby is very important.
A thermal band inspection of the lysimeter areas verified the presence of several thermal pixels falling within the lysimetric plots but also in the area adjacent. This situation was observed in the image of June 11 th 1999. This blurred effect could be considerably reduced using Landsat7 images where the thermal pixel size is 60×60m, thus increasing the possibility that at least an entire non-contaminated pixel falls inside the plot. This can be associated to images for 2000 which presented the best agreement (Fig.8a) .
Finally, on August 14 th 1999, the bochorno wind was present, however under bare soil the local advection could be less significant, for this reason ET a , ET wheat and ET c present a good agreement.
Removing those days that correspond to irrigation and bochorno and plotting the differences between ET maize or ET wheat and ET a against their average showed an acceptable agreement for the field (Fig. 8b ) with s diff ±0.6 mm·d -1 . However, the sampling number was reduced to five dates, too small to estimate the standard deviation of the differences, but it is evident that the scatter is substantially reduced improving the agreement between the methods tested.
Monthly SEBAL ET values at local scale
Remote sensing ET estimates rely on availability of the satellite images. However, there are limitations on image availability and on image suitability, in particular for Landsat images, since satellite overpass is every 16 days and images may be unsuitable because of clouds, haze, dust or ground conditions. As it is not possible to take one image per day covering the crop cycle it is desirable to extrapolate daily ET a values to longer periods. In this case, a monthly ET a extrapolation was required for the period represented by each image, thus the procedure suggested by Morse et al. (2000) considering the reference ET as an index of the relative change in weather was used. This procedure only is applicable if ET for the entire image area changes in proportion to the change in the reference ET at the index weather site, otherwise the area needs to be divided as climate regions. Thus, the cumulative reference ET is computed for the month related to the image using the Penman-Monteith method; the reference crop was clipped grass. Then, the index, Km, is computed dividing the cumulative (Table 3 ). However, in 2000 ET ocum were higher than cumulative ET values observed for the lysimeter and MEBES. As the lysimeter and the CR10-EEAD station are located at the same plot, the same variation was expected. Thus the different can be related to the Kc, although this value was adjusted to the area it was based on the FAO-56 Kc list.
For the monthly maize or wheat lysimeter ET comparison, daily crop ET values were limited to those dates without events (rain, irrigation and cut) and for the crop cycle. These days were also removed from ET acum values and crop cumulative ET, in order to have the same variation. Km computation was used to obtain monthly ET a values. For the cumulative crop ET as result of the multiplication between ET o and Kc, the Kc value applied was the adjusted value to the area based on the FAO-56 list. Results were plotted in Fig. 10 .
As is observed in Fig. 9 , significant differences were obtained for Jul-97 and Aug-97 where cumulative ET a values under-estimated cumulative ET maize and ET c values. In 1998, only ET a for July was close to the ET maizecum and ET ccum values, although the differences in May-98 could be associated with land preparation or the influence of the thermal contamination as explained before related to the lysimeter size. For wheat the situation was interesting, the 1999 results show significant differences between the lysimeter cumulative ET and both MEBES and the crop ET values (Fig. 9c) . As Kc is a theoretical value highly dependent on the actual crop conditions, it is not surprising that as 1999 was the driest year this modified the crop development, thus Kc used to obtain the crop ET from the ET o did not consider this effect. In 2000, the monthly wheat ET shows a good agreement between ET wheatcum vs ET acum values but a slow growing from January to May was present in the crop development. This crop development was not observed for ET ccum but again Kc was a theoretical value compared with the other two methods where the Kc represents the actual condition. This situation shows that the remote sensing algorithm is sensitive to the crop conditions and variations are more related to the thermal contamination and the lysimeters size.
Reliability at regional scale Flumen district
In order to test the reliability to use MEBES instead IRRIVOL at the Flumen District, the test was achieved on a monthly basis for the six main crops growing in the area (alfalfa and forage, barley, maize, rice, sunflower and wheat). Although BC and Harg, have a different basis than the Penman-Monteith and the MEBES methods, the traditional use of the first equations in the area made this comparison important since improvements can be achieved using the remote sensing method as was demonstrated at local scale. Table 4 Significant differences were observed in Table 4 These water ET a figures were more similar to the ET BC values for rice until May, then the canopy have a major influence. Also, it is important to consider that as the paddy is under nostressed conditions and soil saturated the Kc value for rice was major than 1.1.
ET results for sunflower displayed a poor agreement between the methods used. The situation for sunflower cultivation in the area is very unusual, due to the subsidy policy of the CAP (Common Agricultural Policy -European Union), large areas were cultivated, although the yield was low. Farmers provided very little maintenance to the crop after receiving the subsidy. Additionally, this crop is frequently planted on slopes, where it receives water due to seepage. The seepage, because the structural changes of the soil, has a high concentration of salts (Santos, 2003) . This helps to explain the variations observed between ET a and ET BC .
Maize variations were from 5% to 30 %, except in May-98 when the error was 48.6 % although the actual difference was 0.99 mm⋅d -1 . The possible causes of these variations could be related to the use of a theoretical Kc that did not consider climatic variations and the plant management based on the fact that maize is sowing in May.
Barley and wheat showed a better correlation between ET BC vs ET a . Although from Table   2 , one can observe some important variations or data missing in the year 2000, this is because the two crops were classified together as winter cereals in the year's data and these variations are related to the different crop stages. Removing the ET a values in 2000, the correlation between the two methods improves considerably; however, the size of the sample was reduced to only four months data. Finally, alfalfa and forage (AFFOR) were the crops that provided a better agreement. May-98 was the single month with a difference higher than 1.0 mm⋅d -1 . March and April 1999, presented differences less than 1 mm⋅d -1 , although, the percentage error for these months was about 20%.
The results above indicated a high sensitivity of the remote sensing technique to the type of surface cover that was not reflected by traditional ET computations (Harg, BC and PM inclusive) probably because the Kc impact. Thus, one can conclude that the relationships observed were because ET a was reflecting the real crop conditions, this means the influence of surface cover and the surrounding areas effect, not because of a bad performance of the remote sensing algorithm procedure.
Summary and conclusions
The validation at the EEAD site showed a very good agreement for ET a . It was clear that b) For non-full cover crops such as maize and sunflower, the differences were significant, although they can be related to the plan management, the ET a seems to be more accurate since crop ET is restricted to the Kc values that only cover the crop growth cycle.
c) For rice, MEBES provides a poor correlation. For rice paddies the albedo starts at less than 1.0 values increasing during the growing season, which is affected by the change from water body to canopy. As result, EF is major than 1.0, thus ET a needs to be higher, however the Kc value used to compute crop ET BC was always major than 1.1 including those months without canopy since soil is saturated as consequence of the flooding irrigation, in consequence this will increase ET.
As the Hargreaves or Blaney-Criddle was used for the comparison, some uncertainties were present related to their original bases and they need to be considered to avoid wrong interpretation of the results. In general, the ET a results show fair agreement for non-full cover crops, while for full cover crops the agreement with ET BC was good. However, the variations observed correspond better to the actual conditions at the ground. Thus, the ET a values could be the right ones and the final agreement is good. However, more work is recommended using a larger number of images in order to analyse the different stages of the crop cycles and to reduce the interpolation period between image acquisition dates. Also, the reference "cold" pixel selection needs to be reviewed for a more characteristic dry pixel in order to understand the bochorno and cierzo impact. The former because of the advection effect where ET exceeds Rn-G under wet conditions, and the latter because of the dT variation in dry regions.
This will provide a comparison analysis that makes it easier to observe the advantages using the SEB methods rather than the traditional ones in large areas to cope more accurately with the growing season and water requirements for each crop. 
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